Abstract. Although adjuvant platinum-based chemotherapy has been demonstrated to improve survival in patients with completely resected non-small cell lung cancer (NSCLC), individualized approaches to therapy are urgently required to improve the treatment efficacy and reduce unnecessary toxicity. It was hypothesized in the present study that the protein levels of excision repair cross-complementation group 1 (ERCC1), breast cancer 1 (BRCA1), ribonucleotide reductase M1 (RRM1) and class III β-tubulin (TUBB3) may influence the therapeutic effect of adjuvant cisplatin-based chemotherapy. The expression of ERCC1, BRCA1, RRM1 and TUBB3 in tissues obtained from 84 patients with NSCLC was analyzed in the present non-interventional study by immunohistochemistry prior to adjuvant chemotherapy. All patients received adjuvant cisplatin-based chemotherapy. The primary endpoint in the present study was disease free survival (DFS). Out of the 84 tumors, the expression of ERCC1, BRCA1, RRM1 and TUBB3 was identified in 46 (55%), 11 (13%), 73 (87%) and 76 (90%) tissues, respectively. A beneficial response to adjuvant cisplatin-based chemotherapy in DFS was associated with the absence of the expression of ERCC1 [hazard ratio (HR), 2.166; 95% confidence interval (CI), 1.049-4.474; P=0.037] and BRCA1 (HR, 2.419; 95% CI, 1.127-5.193; P=0.023), but not with the expression status of RRM1 (HR, 0.568; 95% CI, 0.234-1.379; P=0.212) or TUBB3 (HR, 1.874; 95% CI, 0.448-7.842; P=0.39). In addition, patients lacking the expression of ERCC1 and BRCA1 benefited more from adjuvant cisplatin-based chemotherapy compared with patients that expressed either ERCC1 or BRCA1 (HR, 3.102; 95% CI, 1.343-7.163; P=0.008). The expression of ERCC1 and BRCA1 was significantly associated with the DFS time in patients with NSCLC treated with adjuvant cisplatin-based chemotherapy, respectively. The combination of the ERCC1 and BRCA1 expression levels may be a promising prognostic prediction for adjuvant cisplatin-based chemotherapy.
Introduction
Lung cancer, which is the most frequently diagnosed cancer worldwide, is the leading cause of cancer-associated mortality in males and is also common in females worldwide (1, 2) . Therefore, improvements in the diagnosis and treatment of lung cancer are urgently required. Overall, ~80% of lung cancer lesions are diagnosed as non-small cell lung cancer (NSCLC) (3) . Currently, complete surgical resection with adjuvant platinum-based chemotherapy is the standard treatment for patients with resected stage II or IIIa NSCLC (4, 5) . However, various toxicities occur in post-operative chemotherapy and the overall survival time varies in patients, even in those at the same stage of NSCLC and with the same histological type of cancer (6) . Previously, studies have reported that genetic biomarkers, such as excision repair cross-complementation group 1 (ERCC1), breast cancer 1 (BRCA1), ribonucleotide reductase M1 (RRM1) and class III β-tubulin (TUBB3), are closely associated with the clinical outcome of patients administered with chemotherapy (7, 8) .
One of the major determinants of cisplatin resistance is the nucleotide excision repair capacity. In particular, ERCC1 acts as a key component in DNA repair, as well as BRCA1 (9) (10) (11) (12) . RRM1 is a component of DNA and the essential enzyme producing the deoxynucleoside involved in DNA synthesis and Analysis of ERCC1, BRCA1, RRM1 and TUBB3 as predictors of prognosis in patients with non-small cell lung cancer who received cisplatin-based adjuvant chemotherapy: A prospective study repair (13,14) . Tubulin dimers consisting of TUBB3 compose microtubule polymers that interfere with the reaction to paclitaxel by slowing or blocking the transition from metaphase to anaphase in the mitotic cell cycle (15, 16) . Overall, these capable biomarkers have been demonstrated as prognostic and predictive markers in certain studies, but not in others (17) (18) (19) (20) . Accordingly, the present prospective, randomized, non-interventional study was performed to verify the predictive value of the protein expression of ERCC1, BRCA1, RRM1 and TUBB3 in patients with NSCLC that received adjuvant cisplatin-based chemotherapy at the Sun Yat-Sen University Cancer Center (Guangzhou, Guangdong, China).
Materials and methods
Patients and treatment. A total of 213 NSCLC patients were recruited in the present prospective, randomized, non-interventional study at the Sun Yat-Sen University Cancer Center between February 2009 and June 2013. All patients provided written informed consent and the present study was approved by the Ethics Committee of Sun Yat-Sen University Cancer Center. The baseline assessment prior to surgery involved obtaining the medical history of patients and performing physical, hematological and biochemical examinations, chest X-rays, electrocardiograms, pulmonary function tests, computed tomography of the thorax and abdomen, and magnetic resonance imaging of the brain. Bone scans were required only if bone metastasis was suspected. All patients received lobectomy or pneumonectomy. The expression of ERCC1, BRCA1, RRM1 and TUBB3 was tested following the surgical procedure. The pathological stage was identified post-operatively according to the 7th edition of the Union for International Cancer Control Tumor, Node, Metastasis (TNM) Classification for lung cancer (21) . Subsequent to surgery, the patients were randomly assigned to receive 75 mg/m 2 cisplatin plus 75 mg/m 2 docetaxel or 500 mg/m 2 pemetrexed chemotherapy every three weeks for four cycles. Prior to the administration of the first cycle of chemotherapy within four weeks of the surgical procedure, the patients were assessed post-operatively, including a physical examination and a two-view chest X-ray. Prior to each chemotherapy cycle, the patients underwent a physical examination with routine biochemistry examination and blood counts. Patients were excluded if they possessed concurrent uncontrolled illness, or demonstrated an Eastern Cooperative Oncology Group (ECOG) performance status >1. Other exclusion criteria were significant weight loss (≥5%), inadequate liver or renal function and an age >80 years old.
Immunohistochemical (IHC) and pathological assessments.
A standard protocol was used for the immunostaining of the samples that were detected as NSCLC by hematoxylin and eosin staining. Briefly, formalin-fixed, paraffin-embedded specimens were sliced into 4 µm sections and baked for 1 h at 65˚C. The specimens were exposed to 10 mM citrate buffer (pH 6.0) for 10 min. Tumor sections were incubated for 60 min with the mouse monoclonal anti-human ERCC1 antibody (clone, 4F9; #UM500008; OriGene Technologies, Inc., Rockville, MD, USA; dilution, 1:150), rabbit polyclonal anti-BRCA1 antibody (#AR345-5R; BioGenex Laboratories, Inc., San Ramon, CA, USA; dilution, 1:50), rabbit monoclonal anti-RRM1 antibody (clone, EP242; #AC-0217RUO; Epitomics, Abcam, Cambridge, UK; dilution, 1:100) and mouse monoclonal anti-TUBB3 antibody (clone SDL3D10; #MU177-UC; BioGenex Laboratories, Inc.; dilution, 1:50). The tissue sections were incubated with polyclonal goat anti-rabbit (#ab150077; Abcam; dilution, 1:200) and goat anti-mouse (#ab150115; Abcam; dilution, 1:200) IgG biotinylated secondary antibodies for 30 min at 37˚C. The sections were then incubated with a streptavidin-horseradish peroxidase complex (Sigma-Aldrich, St. Louis, MO, USA) for 5 min at room temperature. Finally, the sections were developed with diaminobenzidine and counterstained with hematoxylin. Negative controls were also run simultaneously.
Each section of the tissue specimens was evaluated independently under a light microscope (CX21; Olympus Corporation, Tokyo, Japan) by two pathologists, and eight random fields were used to assess the expression levels of ERCC1, BRCA1, RRM1 and TUBB3, and also to calculate an average score. In addition, the two pathologists were blinded to the clinical status of the patients. For each patient specimen, these biomarkers were assessed by intensity, which was scored as follows: 0, no staining; 1, weak staining; 2, moderate staining; and 3, strong staining.
Statistical analysis. The primary endpoint was DFS time, which was defined as the time from the date of surgery to the date of tumor recurrence or distant metastasis. The date was limited to the time of the last tumor assessment if disease recurrence or distant metastasis did not occur. The secondary endpoint was the overall survival (OS) time, which was defined as the time from the date of the surgical procedure to the date of mortality from any cause.
The Kaplan-Meier method was used to estimate the DFS and OS times using SPSS version 17 software (SPSS, Inc., Chicago, IL, USA). Pearson's χ 2 test and Fisher's exact test were also applied to study the association between these biomarkers and patient characteristics that consisted of gender, age, histology, smoking status, alcohol intake and tumor stage. The DFS time was analyzed by subgroups using the Cox proportional hazards model, with variables consisting of age, gender, histology, smoking status, alcohol intake and tumor stage. All P-values were two-sided and P<0.05 was considered to indicate a statistically significant difference.
Results

Patient characteristics.
During the follow-up period, 34 patients experienced recurrence, of which 22 patients had succumbed to cancer by the cut-off date for analysis (June 1, 2014). The median follow-up period was 28.0 months (range, 4.9-49.5 months). Table I lists the characteristics of the patients and the pathological findings. For all 84 patients in the present study, the median age at disease diagnosis was 58 years, ranging between 37 and 76 years old, with 68% of the patients being men. The most common histological type was adenocarcinoma (53 patients; 63%), followed by squamous cell carcinoma (22 patients; 26%) and other types (9 patients; 11%), including large-cell carcinoma, bronchoalveolar carcinoma and mixed types. The number of patients with stage II and III tumors was 36 (43%) and 48 (57%), respectively.
IHC assessment. All patients were divided into two groups, consisting of the negative group, with a staining score of 0, and the positive group, with a staining score of 1-3, according to the expression of ERCC1, BRCA1, RRM1 and TUBB3, respectively (Fig. 1 ). Fig. 2 shows the appearance of specimens stained for the expression of ERCC1, BRCA1, RRM1 and TUBB3 in squamous cell carcinoma. The nuclear expression of ERCC1 was identified in 46 out of 84 tissues (54.8%), cytoplasmic BRCA1 expression was identified in 11 out of 84 tissues (13.1%), cytoplasmic RRM1 expression was identified in 73 out of 84 tissues (86.9%) and cytoplasmic TUBB3 expression was identified in 76 out of 84 tissues (90.5%). There was a notable positive association between pathological histology and TUBB3 expression (P=0.03), but not expression of ERCC1, BRCA1 or RRM1. However, there was no significant association between the expression of these biomarkers and the clinicopathological variables, which consisted of age, gender, smoking status, alcohol intake and TNM stage.
Survival analysis. The DFS time was significantly longer in the ERCC1-negative group compared with the ERCC1-positive group (median, 33.6 vs. 19.0 months; P=0.032; Fig. 3A) . A similar result was demonstrated in the BRCA1-positive and BRCA1-negative groups (median, 24.4 vs. 23.9 months; P=0.019; Fig. 3B ), but not in the RRM1-positive and RRM1-negative groups (median, 23 vs. 24 months; P=0.205; Fig. 3C ) or TUBB3-positive and TUBB3-negative Table I Fig. 3D ). In addition, the combined expression of ERCC1 and BRCA1 was assessed to determine the DFS time. A markedly increased benefit from chemotherapy was identified in the absence of ERCC1 and BRCA1 expression compared with the presence of either ERCC1 or BRCA1 expression (median, 32.2 vs. 14.8 months; P=0.005; Fig. 3E ). However, the OS time was not significantly different between any of the four biomarkers (data not shown) and the combination of ERCC1 and BRCA1 expression (median, 32.2 vs. 23.4 months; P=0.117; Fig. 3F) .
From the output of Cox regression, a series of factors were assessed, consisting of age, gender, smoking status, alcohol intake, histology, pathological staging, ERCC1, BRCA1, RRM1 and TUBB3 expression, and the combination of ERCC1 and BRCA1 expression. These factors were assessed using the univariate Cox regression analysis, as reported in 
Discussion
Despite the development of novel treatments for patients with resected NSCLC, cisplatin agents have remained as the standard first-line treatment. However, the positive response and overall survival rates differ in patients with NSCLC, as well as the toxicities (4, 22, 23) . Therefore, the detection of genes, proteins and RNA may facilitate the selection of individuals or groups that may benefit most from adjuvant chemotherapy and reduce adverse events. The results of the present study revealed that the group of post-operative NSCLC patients administered P<0 .05 was considered to indicate a statistically sigificant difference, and Cox proportional hazards model was used to obtain the P-values. HR, hazard ratio; CI, confidence interval; ERCC1, excision repair cross-complementation group 1; BRCA1, breast cancer 1; RRM1, ribonucleotide reductase M1; TUBB3, class III β-tubulin. with adjuvant cisplatin-based chemotherapy without ERCC1 expression demonstrated a significantly longer DFS time compared with the group that expressed ERCC1. The results from the assessment of BRCA1 expression were similar, with the lack of ERCC1 and BRCA1 expression prolonging the median DFS time by 14.6 and 0.5 months, respectively. The combination of ERCC1 and BRCA1 expression may be a more valuable prognostic predictor in patients with NSCLC administered with adjuvant cisplatin-based chemotherapy. ERCC1 is the limiting factor in the nucleotide excision repair pathway that recognizes and removes platinum-induced nucleotide adducts (24, 25) . In addition, ERCC1 may participate in the repair of DNA double-strand breaks (26) . Overexpression of ERCC1 was involved in platinum resistance by prohibiting the activation of the EGFR pathway (27) . These findings are consistent with the clinical evidence that ERCC1 in NSCLC inhibits platinum efficacy. The International Adjuvant Lung Cancer Trial (IALT) designed a prospective study to demonstrate that patients with completely resected NSCLC may demonstrate improved survival with the administration of adjuvant cisplatin-based chemotherapy in 2004 (28) . Another study designed by IALT revealed that patients with ERCC1-negative tumors appeared to benefit from adjuvant cisplatin-based chemotherapy. However, patients with ERCC1-positive tumors did not benefit from the administered chemotherapy (7) . Certain studies have also reported improved OS, DFS or progression-free survival times in patients with a low expression of ERCC1 compared with patients with high ERCC1 expression (20, (28) (29) (30) . The present results supported ERCC1 as a predictive biomarker for cisplatin-based chemotherapy. However, certain trials have failed to acquire similar results (31) (32) (33) . This difference may be due to different antineoplastic protocols, different components of data and the presence of other genotypes that disturb the chemotherapeutic efficacy, which require additional investigation.
BRCA1 increases cisplatin sensitivity through inhibition of the c-Jun N-terminal kinase pathway in vitro (34, 35) . A retrospective study by Taron et al revealed that the absence of BRCA1 expression resulted in high sensitivity to cisplatin compared with the cells that expressed BRCA1 (12) . The present study also revealed that the tissues without BRCA1 expression demonstrated a longer DFS rate compared with patients that expressed BRCA1. However, the positive group had just 11 subjects. Therefore, a larger, multi-centric trial is required. As ERCC1 and BRCA1 are each associated with nucleotide excision repair, the present study hypothesized that the benefit from chemotherapy may be clearer when the expression of ERCC1 and BRCA1 were combined to assess survival. RRM1 is involved in DNA repair systems, similar to ERCC1 and BRCA1, as one of the targets of gemcitabine (36) . Rosell et al demonstrated RRM1 to be a crucial predictive biomarker of survival in gemcitabine-treated patients with advanced NSCLC (37) . TUBB3 has been investigated to determine the role of this gene in resistance to paclitaxel and docetaxel. TUBB3 is also an independent prognostic marker in patients with resected NSCLC that have not received chemotherapy (38) (39) (40) . In the present study, the expression of RRM1 andTUBB3 was not associated with the DFS time of patients with NSCLC that received adjuvant cisplatin-based chemotherapy. The difference in the OS time was not significant in any of the four biomarkers. There are certain points that should be noted. Firstly, it is necessary to prolong the follow-up period to reflect the population outcome. Secondly, the sample size in the present study was too small to detect a difference in OS time.
In conclusion, the present study demonstrates that the expression of ERCC1, as detected by immunohistochemistry, acts as a predictive biomarker for cisplatin-based post-operative chemotherapy in patients with NSCLC. The expression of BRCA1 and ERCC1 may be an indicator for the lack of benefit of cisplatin-based adjuvant chemotherapy, but an enlargement of the sample size is required. Patients lacking ERCC1 and BRCA1 expression are likely to experience an increased benefit from adjuvant cisplatin-based chemotherapy.
